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Abstract—To reduce the computational burden of a 
conventional model predictive torque controller (MPTC), a 
reference voltage vector based MPTC strategy is proposed. The 
reference voltage vector is obtained from the reference stator flux 
vector and the reference torque. According to the location of the 
reference voltage vector, a first optimal vector can be determined 
in a quite straightforward way, improving the system dynamic 
performance. Furthermore, in order to decrease the torque and 
flux ripple, a root mean square (RMS) based solution is employed 
to generate the reference voltage vector and calculate the duty 
ratio. This method aims at minimizing the RMS error of flux and 
torque during the whole control period. Then, the steady state 
performance is improved. Besides, since the new cost function 
contains only the reference voltage vector, the weighting factor in 
conventional MPTC is eliminated. In addition, to keep a balance 
between the steady state performance and switching frequency, 
the candidates for the second optimal vector are restricted to a 
certain scope. Simulations were carried out and the results verified 
the validation of the proposed MPTC strategy. 
Keywords—permanent magnet synchronous motor (PMSM), 
model predictive torque control (MPTC), computational burden, 
torque and flux ripple 
I. INTRODUCTION 
Due to the advantages of high efficiency and high power 
density, permanent magnet synchronous motors (PMSMs) are 
brought into play in many industrial fields [1]. This increased 
introduction also means that the control of PMSMs receive more 
and more attention. Between the many control strategies 
developed for PMSMs, the finite control set-model predictive 
control (FCS-MPC) is of interest, having an intuitive concept, a 
straightforward implementation and taking into account the   
machine nonlinearities. The model predictive torque control 
(MPTC), based on FCS-MPC, could be regarded as an improved 
strategy of the conventional direct torque control of PMSMs. As 
done in DTC, the MPTC estimates the stator flux vector (and 
torque) for the voltage vector applied, but through the FCS-MPC 
also predicts it for all possible input voltage vectors, based on a 
model of the PMSM to be controlled. Then, according to the 
evaluation of a predefined cost function, an optimal voltage 
vector is searched for that minimizes this cost function.  Another 
attractive aspect of MPTC is that variable constraints can be 
added to the model as well as cost function [2-4].  
On the other hand, MPTC has the drawback of DTC in 
having a high torque and flux ripple, as a single voltage vector 
is applied during a control period. To address this problem, two-
vector based MPTC approaches have been proposed. In a first 
step of such a control strategy, an active vector vector is 
determined, based on the cost function evaluation [5]. The time 
duration of this first active voltage vector is calculated according 
to some rules. Then, a zero voltage vector is applied during the 
remaining control period. However, a zero vector may not be the 
optimal vector. Moreover, after inserting a zero voltage vector, 
it could be non-optimal to apply a new active voltage vector. As 
a result, novel two-vector strategies have been developed using 
an arbitrary vector as the second vector, resulting in more 
possibilities to control the PMSM [6]. Although such strategy 
can improve drive performance, the computational burden has 
remarkably increased as a result of the cost function to be 
evaluated for a higher amount of possible supply voltage 
vectors. In addition, also the time duration has to be determined. 
An increased computational effort and corresponding time delay 
could hamper the development of a higher dynamic drive 
performance in practical application. The problem is more 
severe, as recent development efforts on the power supply try to 
increase the switching frequency and hence lower the time 
available to perform calculations.  
To reduce the computational burden, a modified MPTC 
strategy has been proposed in [7-8]. The reference torque and 
reference stator flux vector are converted to a reference voltage 
vector [7-8], based on deadbeat solution. It successfully forces 
the torque and stator flux vector to reach their reference values 
at the end of every control period. However, additional research 
effort is required to reduce the mean error of torque and flux. 
Moreover, the duty ratios of the two succeeding voltage vectors 
are determined based on tracking and minimizing the 
instantaneous voltage vector error. Besides, it should also 
guarantee a good global tracking performance of torque and 
flux. Even though the computational burden has decreased under 
this novel approach in the two-vector control strategy, additional 
improvements could be made to the steady state performance. 
 For this, in this paper, an improved reference voltage vector 
based MPTC is proposed, using a root mean square (RMS) 
solution. This strategy not only tries to reduce the amount of 
calculations in conventional enumerated MPTC but also further 
improves the torque and flux performance on a mean and global 
time scale. In the proposed strategy, a reference voltage vector 
will be generated according to the reference torque and reference 
stator flux. Based on the location of the reference voltage vector, 
a first optimal active vector can be computed. To reduce the 
torque and flux ripple, a two vector based control approach will 
be described. In such method, a second vector will be selected 
based on the selection of the first vector, in which the cost 
function evaluations for each of the vector combinations will be 
avoided. This strategy will reduce the computational burden 
further. The reference voltage vector generation and the duty 
ratio optimization are both based on a RMS torque and flux error 
minimization scheme. The goal of the optimization is to improve 
the steady state performance by lowering the flux and torque 
ripples. In addition, a new cost function, which contains only 
one variable being the reference voltage vector, is proposed. By 
using a single variable in the cost function, the weighting factor 
tuning in conventional MPTC can be avoided. Simulation 
results show the effectiveness of the proposed strategy. 
II. PMSM EQUATIONS AND INVERTER MODEL 
The synchronous reference frame is employed in this paper 
to analyze MPTC strategy. In such frame, the equations of the 
surface mounted PMSM ( d q sL L L  ) in d-q reference frame 
can be expressed as follows: 
 sdsd s sd r sqdV R I dt
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
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where ψsd and ψsq are d-axis and q-axis stator flux respectively, 
Vsd and Vsq are d-axis and q-axis stator voltage respectively, Isd 
and Isq  are d-axis and q-axis stator current respectively, Te  is 
electromagnetic torque, p is the number of pole pairs, ܴ௦  is 
stator resistance, Ls is inductance, r߱ is electrical rotor speed, ߰f 
is permanent magnet flux linkage, assumed to be constant. 
To drive the PMSM, a two-level voltage source inverter 
(VSI) is utilized in this paper, shown in Fig. 1. The voltage 
vectors generated by the inverter, shown in Fig. 2, can be 
expressed as follow: 
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3
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where ( 0,...,7)jV j  are the voltage vectors, , ,a b cS S S are the 
switching states of the three inverter legs. 
III. REFERENCE VOLTAGE VECTOR BASED MPTC STRATEGY 
Fig. 3 shows the control diagram of the proposed MPTC 
strategy. It starts with the flux and torque estimation, then the 
flux and torque time gradient calculation following the 
construction of the reference voltage vector. It is followed by the 
duty ratio optimization and the final step that includes the 
optimal vector determination, based on a cost function 
evaluation. All these steps will be discussed hereafter. 
A. Stator Flux and Torque Estimation 
In a discrete time implementation, the optimal voltage vector 
computed is to be applied during the next control period. This 
means that the stator flux vector and torque at the end of the 
current control period, being also the start of next control period, 
have to be estimated based on the voltage vector as computed in 
the previous control period. According to the PMSM model, the 
stator flux and torque at the start of the next control period (k+1) 
can be estimated as: 
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Fig. 1. Two level VSI. 
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Fig. 2. Possible switching states of two level VSI.  
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Fig. 3. Diagram of the proposed MPTC strategy.  
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where [ , ]Ts sd sq\ \ \ , [ , ]Ts sd sqI I I are the values at the start 
of a control period, [ , ]Ts sd sqV V V , sT  is the total control period,
1sV and 2sV are the optimal voltage vectors, constant in time and 
applied during the first interval T1 and second interval T2 
respectively. It should be noted that 1 sT Td and 2 1sT T T  . 
B. Flux and Torque Gradients 
The voltage vector is a unique input variable for VSI driven 
PMSM. On the other hand, flux and torque are the most 
important state variables in MPTC. As such, it is of interest to 
deduce the variations of flux and torque under the input voltage 
vector applied. In the proposed MPTC strategy, the relationships 
are significant for the reference voltage vector determination 
and duty ratio optimization. According to the machine model in 
(1)-(4), the flux derivative during a voltage vector supply can be 
represented as: 
 ( )s s s s
s
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As the control period is sT , the flux variation due to the 
applied voltage vector can be expressed as: 
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where 
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s
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\
 represents the flux slope under the 
voltage vector sV . 
 Similarly, based on (1)-(5), the torque derivative and the 
torque variation under the voltage vector can be deduced as: 
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gradient under the voltage vector sV . Since sT is short enough to 
state that all the variables are with small variation and therefore 
approximated by constants within one control period, both flux 
and torque gradients can be regarded as constants. 
C. RMS-Based Reference Voltage Vector Prediction 
 Now that the torque and flux vector can be estimated, and 
the torque and flux gradients can be computed, a reference 
voltage can be determined that minimizes the RMS error against 
set values and gradients of flux and torque.  
 In a conventional two-vector MPTC strategy, the predictions 
of flux and torque, as well as the duty ratio optimizations have 
to be conducted for all possible vector combinations. In [6], the 
first and the second vector are all arbitrary vectors, which 
provides 7h7=49 possible vector combinations. Although the 
steady state performance is improved, many calculations are 
required. In [7], the second vector is selected in a border scope 
and it provides a reduced amount of 18 possibilities instead of 
49, reducing the computational burden. However, considering 
that the duty ratio is also to be estimated for all vector 
combinations, the computational cost is still significant. As an 
alternative method against considering all possible inputs, in [8], 
a reference voltage vector method is utilized. It aims at forcing 
the torque and flux equal to the reference values at the end of 
each control period and relies on a deadbeat solution for the 
voltage to be applied, referred to as the reference voltage vector. 
Hence, this strategy of using a reference voltage reduced the 
computational burden further.   
 In this paper, the previous method is further improved by 
providing a RMS-based reference voltage vector prediction. In 
this advanced method, a reference voltage vector is used that 
allows minimizing the RMS error of the flux and torque. It aims 
at improving the steady state performance by reducing the 
torque and flux ripples. On the other hand, in conventional 
MPTC, a weighting factor is required to adjust the weightings of 
flux and torque in cost function. In the proposed method, the 
weighting factor can be omitted, since the reference flux and 
reference torque are converted to reference voltage vector.   
 The RMS errors of the flux and torque can be expressed as: 
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respectively, where *( 1)es s sk\ \ \   , *( 1)ee e eT T k T   are 
the initial flux and torque errors at the beginning of the next 
control period respectively. It should be noticed that to 
compensate the one step delay, (k+1)th variables are used for 
(14) and (15). According to the RMS principle, based on (16), a 
reference voltage vector can be deduced which solution is given 
in (17)-(18) 
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Fig. 4. Principle diagram of vector selection.  
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 In the other way around, by applying the reference voltage 
vector in (17) during the (k+1)th control period, it is tried to 
minimize the RMS errors of the flux and torque during this 
control period. To generate the reference voltage, two voltage 
vectors are applied during each control period. The first vector 
is selected from the six nonzero vectors being the active vectors. 
For the second vector, the two adjacent vectors of the first vector 
as well as the zero vector with the least amount of switching 
actions are considered. Hence, the first voltage vector should be 
firstly determined. For this purpose, the α-β reference frame is 
divided into six sectors of sixty degrees, as shown in Fig. 4. Each 
sector contains a single active or nonzero vector. The first vector 
to be applied is determined by the sector that holds the reference 
voltage vector.  For instance, in Fig. 4, according to the phase 
angle of the reference voltage vector, the reference voltage 
vector is located in sector 1, and hence the vector V1 will be the 
first optimal voltage vector.  
D. Duty Ratio Optimization 
After getting the first optimal voltage vector, the candidates 
for the second optimal vector can be identified as mentioned 
before. Then the duty ratio calculation is the main task, resulting 
in the time duration to apply the first vector. In [6], the duty ratio 
optimization is based on a deadbeat torque control, which does 
not take the tracking of flux into account. In [8], the principle 
employed to determine the duty ratio is minimizing the tracking 
error of reference voltage vector, while the reference voltage 
vector is obtained based on deadbeat solution. Thus, this method 
of duty ratio optimization aims at nullifying the tracking error of 
flux and torque at the end of control period only. In this paper, 
to be consistent with the reference voltage vector prediction and 
to improve the steady state performance, the RMS solution is 
used to determine the duty ratio. The RMS error of flux and 
torque can be expressed as [9]:  
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where λψ is the weighting factor of stator flux, Sψ1 and Sψ2 are 
the flux gradients for the first vector and the second vector 
candidate respectively, STe1 and STe2 are the torque gradients for 
the first vector and the second vector candidate respectively. 
Hence, letting dE/dT1=0, the time duration for the first voltage 
vector can be  expressed as: 
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and Sψ' =Sψ1-Sψ2, STe' =STe1-STe2. Duty ratio should be optimized 
for the three vector combinations, and the optimal vector 
combination is determined according to cost function. 
E. Cost Function Evaluation 
In conventional MPTC, a weighting factor is required to 
adjust the weightings of flux and torque in cost function. In the 
proposed method, the weighting factor can be omitted, since the 
reference flux and reference torque are converted to reference 
voltage vector. The new cost function can be denoted as:  
 1 1 1 2(1 )ref s sg V d V d V     
where d1=T1/Ts is the duty ratio of the first vector, determined 
by the previous step. As aforementioned, after determining the 
first optimal vector, three candidates should be evaluated by this 
cost function in order to obtain the second optimal vector. 
However, in this strategy, only two candidate vectors out of 
three have to be evaluated according to the location of the 
reference voltage vector. For example, if the reference voltage 
vector locates in region S11 of sector 1, as shown in Fig. 4, only 
the nonzero vector V2 and zero vector  V0 need to be evaluated 
according to the cost function. It is because the amplitude error 
between V2  and Vref   (g1 ൌ ȁV2 െ Vrefȁ ) is smaller than that 
between V6  and Vref  (g2 ൌ ȁV6 െ Vrefȁ). Similarly, in case the 
reference voltage vector locates in S12 of sector 1, only  V6 and  
V0  have to be evaluated. In the special case of a reference 
voltage vector located on the middle line of sector 1, the 
amplitude error between V2 and Vref  equals the one between  V6 
and  Vref   (g1 ൌ g2ሻ. In that case, either  V2  or V6  should be 
selected, preferably in the direction of rotation.  
IV. SIMULATION RESULTS 
To verify the validation of the proposed MPTC, some 
comparative simulations are conducted in Matlab/Simulink. The 
parameters of the simulated motor are listed in Table 1. Three 
two-vector MPTC strategies, which are the conventional two-
vector MPTC with torque deadbeat solution (MPTC-DB) [5], 
reference voltage vector based MPTC with deadbeat solution 
(RVV-MPTC-DB) [8], and the proposed MPTC will be 
compared. Sampling frequency of the three strategies is 5kHz.  
Fig. 5 shows the waveforms of the torque, stator flux and 
phase current for three MPTC strategies. To show the dynamic    
performance of the strategies, the reference torque suddenly 
changes from 10Nm to 12Nm at 0.2s. It can be seen in Fig. 5(a) 
 
that the MPTC-DB strategy can reduce the torque ripple. 
However, the torque can reach the reference value at the end of 
control period only, since a torque deadbeat principle is utilized 
to calculate the duty ratio. Besides, the tracking performance of 
stator flux is not ideal, since flux error is not included in duty 
ratio optimization. For RVV-MPTC-DB strategy, the reference 
voltage vector is converted from the reference flux and reference 
torque. The result is shown in Fig. 5(b). It follows that the steady 
state of the stator flux is better than that of the MPTC-DB 
strategy shown before in Fig. 5(a). However, since the reference 
voltage vector generation is also based on deadbeat solution, 
while the duty ratio optimization is based on tracking error 
minimization of the reference voltage vector, the control 
performance of torque is similar with the MPTC-DB strategy. 
Furthermore, a torque fluctuation can be noticed in Fig. 5(b). In 
the proposed strategy, RMS principle is introduced to reference 
voltage generation and duty ratio optimization. Thus, in Fig. 5(c), 
the steady state performance of the torque and flux under the 
proposed MPTC strategy is much better than other two strategies. 
Instead of forcing the torque to reach its reference value at the 
end of control period, the RMS error of the flux and torque is 
minimized in the proposed MPTC strategy. Therefore, reduction 
of the torque and flux ripple is achieved. 
Fig. 6 shows the tracking trajectories of torque and flux 
under the three MPTC strategies. For the torque tracking 
trajectory, it can be seen in Fig. 6(a) and Fig. 6(b) that the 
performance of MPTC-DB strategy and RVV-MPTC-DB 
strategy are similar, despite the torque fluctuation in RVV-
MPTC-DB strategy. It can be easily seen in Fig. 6(c) that the 
proposed MPTC strategy performs best in torque tracking 
among the three strategies. The mean error of torque is 
minimized, which leads to lower torque ripples than the other 
two strategies. On the other hand, RVV-MPTC-DB and the 
proposed MPTC strategy present better performance in flux 
error tracking than MPTC-DB strategy. A comparison of the 
steady state performance in terms of torque and stator flux ripple 
for the three strategies is presented in Table 2. The torque and 
flux ripple are calculated according to the following equations: 
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where n denotes the sampling number.  
It can be observed in Fig. 7 that the proposed MPTC strategy 
can achieve better current harmonic spectrum, which further 
demonstrates the good steady state performance of the proposed 
MPTC. Besides, the switching states of the three strategies are 
shown in Fig. 8. It can be seen that the RMS based reference 
voltage vector and duty ratio optimization can lead to different  
switching states, which result in better steady state performance.  
In addition, compared to the convention enumerated MPTC-DB 
strategy, the amount of evaluations and additional computations 
TABLE I.  MOTOR PARAMETERS 
Motor parameter  Value 
DC voltage Vdc 200V 
Number of pole pairs p 1 
Permanent magnet flux linkage ψf 1Wb 
Stator resistance Rs 1.91Ω 
Inductance Ls 0.016H 
Flux amplitude reference หψs*ห 1.0227Wb 
TABLE II. COMPARATION OF STEADY STATE PERFORMANCE 
Parameter MPTC-DB RVV-
MPTC-DB 
Proposed 
MPTC 
Trip 0.1494Nm 0.1249Nm 0.0772Nm 
ψrip 0.00795Wb 0.00101Wb 0.00102Wb  
(a) 
 
(b) 
 
(c) 
Fig. 5. Waveforms of torque, stator flux and phase current. (a) MPTC-
DB. (b) RVV-MPTC-DB (c). Proposed MPTC.  
in the proposed MPTC are reduced and the tuning work of 
weighting factor in cost function can be omitted. 
V. CONLUSION 
This paper proposes an improved reference voltage vector 
based MPTC for PMSM drives. Using a RMS based solution to 
reduce flux and torque ripples, a novel reference voltage vector 
is generated, based on the reference stator flux and reference 
torque. From this reference, vectors and time intervals for the 
two-vector control approach are selected in an optimal way. 
Compared to the finite control set methods, less input 
possibilities are considered during the optimization step so that 
the computational burden can be reduced. In addition, the new 
cost function to select the optimal voltage vector from a reduced 
amount of possible voltage vectors, uses no weighting factors 
and avoids the corresponding tuning work.   
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Fig. 6.  Tracking trajectories of torque and stator flux. (a) MPTC-DB. (b) 
RVV-MPTC-DB (c). Proposed MPTC.  
 
Fig. 7.  Comparison of harmonic spectrum of phase current  
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Fig. 8.  Switching states of the three strategies 
